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    Negative compressibility generated by many-body effects in 2D electronic systems 
can enhance gate capacitance. We observe capacitance enhancement in a newly emerged 
2D layered material, atomically thin black phosphorus (BP). The encapsulation of BP by 
hexagonal boron nitride sheets with few-layer graphene as a terminal ensures ultraclean 
heterostructure interfaces, allowing us to observe negative compressibility at low hole 
carrier concentrations. We explained the negative compressibility based on the 
Coulomb correlation among in-plane charges and their image charges in a gate 
electrode in the framework of Debye screening.  
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Negative compressibility in an electronic system describes the effect of electron-electron 
(e-e) interaction, which lowers the potential of electrons when the carrier density of a system 
increases[1-4]. This effect provides a new strategy to enhance the gate capacitance of 
field-effect transistors (FETs) beyond the expected geometric capacitance for low-power 
dissipation[4-8]. The effects of negative compressibility have been previously observed in 
ultraclean systems, such as in high-quality LaAlO3/SrTiO3 interfaces[9], two-dimensional 
(2D) GaAs systems[1,10-12] and ferroelectric materials[13], where Coulomb interactions are 
normally strong and play an important role in transport properties. Newly emerged 2D 
layered semiconductors, such as transition metal dichalcogenides[14-18] and black 
phosphorus (BP)[19-28], are new platforms for both nanotechnology and fundamental 
physics. Among these 2D materials, atomically thin BP is a promising channel material of 
FETs with high mobility[19,23,28,29] and high stability by encapsulating BP with hexagonal 
boron nitride (BN) sheets. Our previous work has found that high-quality BN/BP/BN 
heterostructures with clean interfaces are ideal 2D electron systems with high mobility[19]. 
High-quality BN/BP/BN heterostructures also offer great opportunities to investigate 
quantum Hall effects[23], as well as Coulomb interactions of charge carriers in 2D materials.  
 
In this work, we report the observation of negative electronic compressibility in 
BN/BP/BN capacitors constructed using few-layer graphene as terminal electrodes. Gate 
capacitance enhancement is apparent near the depletion region. The observation of this 
enhancement effect largely relies on ultraclean interfaces in BN-BP-BN heterostructures and 
very low impurity concentrations. 
 
A simple parallel-plate capacitor structure is adopted to investigate the properties of BP. 
When both electrodes in a standard parallel plate capacitor are made of normal metals, the 
total capacitance tC  purely originates from the geometric capacitance gC
d

  because the 
metal electrodes can perfectly screen the electric field, where   and d  are the dielectric 
constant and thickness of the capacitor, respectively. However, if one of the electrodes is 
replaced with a 2D material with finite Debye screening radius DR , the electric field 
penetrates distance DR  into the electrode[30,31],
 thereby decreasing total capacitance 
t
D
C
d R



. Capacitance would be enhanced if the screening radius is 0DR  . At a low 
carrier density, a negative Debye screening length can occur when electron-electron 
interactions are sufficiently strong, whereas the occurrence of disorder truncates the 
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enhancement of the capacitance [9,10,32].  
 
The polymer-free dry transfer method[33] is adopted to assemble exfoliated few-layer BP, 
BN, and graphene flakes into a BN-BP-BN heterostructure with few-layer graphene as a  
terminal electrode, as shown in Fig. 1a and 1c. Annealing treatments were then conducted on 
the BN-BP-BN heterostructure at high temperatures up to 500 C before performing metal 
electrode deposition. BN encapsulation and annealing treatment guarantee a clean BN-BP 
interface with low impurity concentrations[19]. At last, Cr/Au (2 nm/60 nm) films were 
deposited to form a top gate and an ohmic contact with graphene. Polarized Raman 
spectroscopy was performed to characterize the properties of the few-layer BP samples. The 
angle-dependent Raman spectra obtained from the BP samples are shown in Fig. 1d, which 
agree with previous studies[34-36].  
1  
FIG. 1 BP vertical capacitor heterostructure. (a) False-color optical and (c) schematic image 
of the BN-BP-BN heterostructure with few-layer graphene as terminal electrode. The BP 
flake is 8 nm thick, as determined using an atomic force microscope. (b) A schematic image 
of few-layer BP. (d) Determining the crystal orientation via Raman spectroscopy. The 
intensity values were normalized to the Si peak from the substrate. (e, f) Equivalent circuits 
of the measurement setup (e) with and (f) without taking into account the resistance of BP. 
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Using a graphene terminal to contact the BN-BP-BN heterostructure has several benefits 
compared with other structures (see Supplementary Fig. 3). This graphene terminal does not 
only simplify the fabrication procedures without a tedious chemical etching process[37] to 
make contact with the encapsulated BP flakes but also ensures a polymer-free BN-BP clean 
interface.  
 
The capacitance is measured between the top gate and the graphene terminal with an AC 
excitation frequency ranging from 20 Hz to 1 MHz (see Fig. 1a). By applying a top gate 
voltage gV , the Fermi energy of BP can be tuned continuously. The measured capacitance 
tC  is the total capacitance contributed by the two capacitors in a serial connection as shown 
in Fig. 1e. One of the capacitors is the constant geometric capacitance of the parallel-plate 
capacitor BN
gC
d

 , where BN  is the dielectric constant of BN. The other one originates 
from the quantum capacitance of BP 2
q
dn
C e
d
 [35,38,39], where n  and   are the 
carrier density and chemical potential, respectively. Here, dn
d
 is the electronic 
compressibility, which describes the ability of an electronic system to screen external charges 
[1,10,11,32,40]. For normal metals, the compressibility approaches infinity which results in a 
complete screening of external charges. By contrast, dn
d
 is a finite value in 
low-dimensional materials, partially penetrated by external electric field. Hence, total 
capacitance tC  can be expressed as:  
 2
1 1 /
t g
d dn
C C e

   (1) 
The measured capacitance of the BN-BP-BN heterostructure with an excitation frequency 
of 1 kHz is shown in Fig. 2a. Inside the bandgap of BP (gray region), the total capacitance 
approaches zero because of the vanishing density of the states. However, when gV  is 
sufficiently large (blue region), the total capacitance approaches the geometric capacitance 
t gC C , given that the large density of states would lead to a quantum capacitance qC  much 
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larger than gC [9]. The total capacitance can be expressed as *
D
tC
d d R
 
 

 by 
introducing an effective thickness of the system *d . 
 
Total capacitance tC  is evidently enhanced near the depletion region of BP at low 
excitation frequencies ( 100 Hzf  ). As shown in Fig. 2b, by decreasing the excitation 
frequencies from 200 Hz to 40 Hz, tC  of the 5 nm-thick BP (Device A) gradually exceeds 
geometric capacitance gC  and shows no sign of enhancement saturation within the 
measured frequency range. This capacitance enhancement at low excitation frequencies is 
also reproducible in other devices with different BP thicknesses, as shown in Fig. 2c (Device 
B with an 8 nm thick BP) and Fig. 2d (Device C with a 13 nm thick BP). Since the mobile 
carrier density is strongly suppressed near the depletion, R , the resistance of BP, can reach 
orders of 310  M [37]. Therefore, the capacitor is not fully charged when the excitation 
frequency is
t
1
f
RC
 ; and thus tC  is underestimated. The real capacitance can only be 
approached by lowering the excitation frequency. An equivalent circuit (Fig. 1f) can then be 
simplified into the two-serial-capacitor model shown in Fig. 1e when 
t
1
f
RC
 . 
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FIG. 2 Valence band of few-layer BP accessed by capacitance measurement. (a) Measured 
total capacitance of the 8 nm-thick sample in Fig.1a (device B) with an excitation frequency 
of 1 kHz at 2 K. (b-d) Ct as a function of the gate voltage of (b) device A with 5 nm BP at 3K, 
(c) device B with 8 nm BP at 2K, and (d) device C with 13 nm BP at 2K.  
 
The enhancement of tC  ( t gC C ) reveals that qC  is negative, directly proving the 
negative compressibility. The correlation between inverse compressibility 
d
dn

 and carrier 
density ( ) /g g s thn C V V V e    can be obtained through Eq. (1), as shown in Fig. 3a, 3c and 
3e, where sV  and thV  are the surface potential of BP and the threshold voltage, respectively. 
sV  is extracted based on the charge conservation relation 
0
(1 )
gV
t
s g
g
C
V dV
C
  . For device A, 
negative compressibility occurs at a hole carrier density of ~1.5×1012 cm-2, whereas negative 
compressibility occurs in devices B and C at a lower carrier density of below 0.8×1012 cm-2. 
This difference is caused by the quality variation in the samples. Given that thinner BP 
samples are more vulnerable to impurities, such samples require larger carrier densities to 
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generate sufficient mobile carriers[41]. The Fermi energy F sE eV  plotted as a function of 
gate voltage gV  of three devices is shown in Fig. 3b, 3d and 3f. The Fermi energy generally 
increases with the gate voltage when t gC C . Instead, an upturn is evident in the ~F gE V  
curve, which is a signature of negative compressibility[4,11].  
 
FIG. 3 Inverse of compressibility and the Fermi energy. (a,c,e) Inverse of compressibility of 
devices A, B, and C, respectively. The carrier density is determined by integrating the tC - gV  
curve at the lowest excitation frequency, as shown in Fig. 2. The negative sign in the carrier 
density denotes the hole carrier density. (b,d,f) The ~FE n  relation at (b) 3K with an 
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excitation frequency of 40Hz for device A, (d) 2K with an excitation frequency of 40Hz for 
device B, and (f) 2K with an excitation frequency of 30Hz for device C.  
 
The negative compressibility in our system indicates the Debye screening length 0DR  , 
which enhances the total capacitance t
D
C
d R



. In the limit of the low-carrier density 
regime, where the average distance between two neighboring in-plane holes 1/2n  is larger 
than the effective Bohr radius 
2 2
0 /a me of the holes in BP, 2D holes can form a strongly 
correlated system dominated by the Coulomb interaction[42]. Using BP dielectric constant 
012  [43] and effective mass of hole carriers 0.35 em m [22], a Bohr radius for BP of 
~ 1.8 nm  and the corresponding carrier density of 3.0×1013 cm-2 can be obtained. Hence, the 
BP system here (with a carrier density that is much smaller than 3.0×1013 cm-2) can be 
regarded as a strongly correlated system. In addition, the Coulomb interactions between the 
holes and the image charges of the holes in the gate electrode can also significantly enhance  
negative compressibility, especially when 1/2n d  , where 1/2n  is the average distance 
between two neighboring in-plane holes (see Fig. 4a)[32] . 
 
The theoretical corrections[32,44] to the effective thickness when considering the 
Coulomb interaction is as follows: 
 * 1/2 1/20.12 ,  ( 1)d d n n d       (2) 
In the 1/2 1n d   limit, effective thickness *d  becomes very small, whereas the 
gate-capacitance enhancement could be huge, as shown in the following: 
 * 2 1/2 1/22.7 ( ) ,  ( 1)d d nd n d   (3) 
Fig. 4b shows the experimental data of BP compared with theoretical function
*( , )d d n . The 
trend of the experimental data well agrees with the theoretical prediction. Notably, deviations 
occur, because disorder effects are not considered in the theoretical expressions, which screen 
Coulomb interactions among the holes. Negative compressibility could be suppressed when 
disorders prevail over electronic interactions. Thus only the negative compressibility of 
few-layer BP is observed in a region where 1/2n  is relatively large and Coulomb interaction 
dominates. 
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FIG. 4 Physical origin of negative compressibility detected in BP (a) Schematic coupling of 
the holes in BP to the image charges of the holes in the metal electrode. Neighboring holes 
(white circles) in the BP formed at the BP-BN interface. The distance between two 
neighboring holes is 1/2n . Negative image charges (blue circles) are formed in the metal at a 
distance 2d  away from the holes, where d  is the BN thickness. (b) The relation between 
ratio 
*d
d
 and dimensionless parameter 1/2n d . The black solid curve shows the theoretical 
prediction. The square, circle, and rhombus symbols represent the experimental data.  
 
Aside from the Coulomb interaction among the carriers, other factors may also contribute 
to the observed negative compressibility. One possible factor is the frequency-dependent 
dielectric constant of the BN flakes. Larger geometric capacitance gC  is generated when the 
dielectric constant of BN thin layers increases with decreased excitation frequency; hence, 
tC  is enhanced. However, as shown in Fig. 2b-2d, the measured total capacitances at 
different low excitation frequencies for all three samples converge when the gate voltage is 
sufficiently large, which yields the same saturated values of gC  at different excitation 
frequencies. Hence, capacitance enhancement is not caused by the frequency-dependent 
dielectric constant of BN layers. Another possible capacitance enhancement factor is 
excitation of localized electronic states in BP at low excitation frequencies. These localized 
states, which originate from defects or impurities, require a longer time (a smaller excitation 
frequency) to become excited. At low excitation frequencies, the excited localized states near 
the band edge could exhibit peak-like features in capacitance spectroscopy[45], which may 
be mistaken as the negative compressibility phenomena. However, the most distinct 
difference between them is that the peak-like capacitance features induced by localized states 
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never exceed geometric capacitance gC , disagreeing with experimental observations.   
 
In conclusion, capacitance enhancement is discovered in high-quality BN-BP-BN 
heterostructures with few-layer graphene as terminal electrodes at sufficiently low 
temperatures and relatively low excitation frequencies. Negative electronic compressibility is 
evident near the band edge of few-layer BP. The negative compressibility observed proves the 
strong Coulomb interactions in few-layer BP in the low carrier density regime limit. 
Capacitance enhancement enables switching transistors at small gate voltages. High-quality 
BN-BP-BN heterostructures with negative compressibility also suggest potential applications 
of atomically thin materials for low-power nanoelectronics and optoelectronics.  
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I. Fabrication of BN-BP-BN heterostructures 
To achieve ultraclean interfaces and highly stable black phosphorus (BP) devices in 
atmospheric conditions, we fabricate BN/BP/BN heterostructures and conduct 
high-temperature annealing to stabilize BP device structures. Polymer-free van der Waals 
transfer techniques [S1] are adopted as shown in Figure S1. First, thin flakes of graphene and 
BP are mechanically exfoliated onto a p-type silicon substrate covered with 300 nm thick 
SiO2 separately. Then, the few-layer BP mechanically exfoliated onto another SiO2/Si 
substrate is picked up by a thin BN (~4 nm-10 nm) flake. The BN-BP sample is used to pick 
up the graphene electrode (few-layer graphene). Finally, the BN-BP-Graphene structure is 
transferred onto a BN sheet supported on a SiO2/Si substrate. The whole device structure is 
then dipped in Acetone to remove PDMS. In order to further improve the BP sample quality, 
as-fabricated devices are annealed at about 500C in an argon (mixed with a few percent of 
14 
 
hydrogen) atmosphere. The fabrication key step is to make an appropriate overlap 
(comparatively small) between graphene and BP. There should be an overlap between the top 
electrode and Graphene-BP contact area.  
 
Supplementary Fig. 1 Process flow of BN-BP-BN heterostructure fabrication.  
 
II. Charge traps in BP 
High temperature annealing can significantly reduce the charge trap density in BP.  As 
shown in Supplementary Figure 2a, there is no hysteresis effect. The data are collected from 
device C (13 nm thick BP) using an excitation voltage of 50mV. 
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Supplementary Fig. 2 No hysteresis effect is observed in 13 nm BP sample. 
 
III. Comparison of capacitor device structures 
To further illustrate the benefits of our device structure, we compare the performances of 
three different capacitor structures (one capacitor device with graphene electrode and two 
capacitors without using graphene terminal are shown in Supplementary Figure 3). To 
fabricate the device shown in Supplementary Figure 3b, a hard mask is defined by standard 
electron-beam lithography (using ZEP-520 resist). O2-plasma is used to etch the top BN. 
Since the etching rates of O2-plasma for BN and BP are different, BN layers can be quickly 
etched away while the BP layer still survives. Cr/Au electrodes are then deposited at the 
locations defined by electron-beam lithography. These steps guarantee polymer-free 
interfaces in BN-BP structures. However, the drawback is that a large resistance exists 
between two electrodes. The third method can eliminate the large resistance as shown in 
Supplementary Figure 3c since Cr/Au electrodes are deposited directly on BP before covering 
the top BN. However, the BN-BP interface is contaminated by polymers.  
 
Using graphene as a terminal, we can simplify the fabrication and eliminate the chemical 
etching process. The interfaces in the BN-BP-BN structures are polymer-free as shown in 
Supplementary Figure 3a. By uncovering part of the few-layer graphene terminal, Cr/Au 
electrodes can be directly deposited on graphene without using the etching process. A small 
overlap between the top electrode and BP-Graphene contact area is necessary. 
 
Supplementary Fig. 3 Comparison between three capacitor configurations. (a) Structure 
used for the present devices. (b,c) Other two types of capacitor devices without using 
graphene terminals. 
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IV. Temperature effects  
Supplementary Figure 4 shows the capacitance of a 13 nm thick BP device. At 2K, the 
capacitance enhancement occurs when the excitation frequency is lower than 40Hz. The 
enhancement of capacitance at
2 0nd  , however, eventually disappears when temperature is 
increased to 20K.  
 
Supplementary Fig. 4 Total capacitance measured from a 13 nm thick BP device. (a) Total 
capacitance measured at 2K with different excitation frequencies.  (b) Total capacitance 
measured at different temperatures using a fixed excitation frequency of 30 Hz.  
 
V. Extraction of quantum capacitance 
The measured capacitance can be described by '
t t rC C C  , where tC  is the 
capacitance shown in the main text 
1 1 1
t g qC C C
   and rC originates from the measurement 
setup. The parasitic capacitance rC  can be accurately determined by a simple method[S
2]. 
In the device structure without any overlap between the top electrode and bottom gate, there 
is a non-conductive channel in BP. This channel cannot be tuned by the bottom gate. The 
measured value of rC  is in the order of ~F, which is about 3-order smaller than the total 
capacitance. Subtracting the geometrical capacitance of BN (dielectric constant  3.1), we 
extract the quantum capacitance.   
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